We report the synthesis and magnetic properties of the molecular cluster Cu 3 (μ 3 −OH)(μ-OH) (μ-O 2 Ar − F 4 Ph ) 2 (py) 3 (OTf) 2 , abbreviated as (Cu 3 (OH)). Using magnetization, electron paramagnetic resonance and spin dimer analysis, we derive a microscopic magnetic model of (Cu 3 (OH)) and measure the electron T 1 and T 2 relaxation times. The Cu 2+ ions are arranged to form a distorted triangular structure with the three different exchange coupling constants = − J 43. K. At T = 1.5 K T 1 is of the order of 10 −4 s and T 2 is evaluated to be μ 0.26 s. We find that the temperature dependence of T 1 1 and T 1 2 is governed by Orbach process and spin bath fluctuations, respectively. We discuss the role of spin-phonon mechanism in determining a spin decoherence time in a class of spin triangular clusters.
Introduction
Over the last decade, there has been a huge resurgence of interest in molecular magnets with the aim of elucidating the crossover from quantum to classical physics [1] . Molecular magnets as nanoscale quantum objects lead to a variety of quantum effects and potential applications to spintronics and quantum computing [2] [3] [4] . The prominent examples include quantum tunneling of magnetization [5, 6] , a quantized rotation of a Néel vector [7] [8] [9] [10] , Berry phase interference [11] , Landau-Zener effect [12] , and a coherent manipulation of spins [13] [14] [15] . The = S 1 2 spin triangle represents one of the most interesting class among molecular magnets [16] [17] [18] [19] . The antiferromagnetically coupled spin triangle provides the basic building unit for frustrated magnetism. Its chirality can induce magnetoelectric coupling as well as observations of magnetization hysteresis when the field sweep rate is an order of electron spin-lattice relaxation time [18, [20] [21] [22] [23] [24] . From the material point of view, the spin triangular core structure is realized in diverse molecular metallo-organic compounds; (V 15 ) [15] [16] [17] [18] [19] , (V 6 ) [20, 21] , and (Cu 3 ) clusters [22] [23] [24] , the chiral (Dy 3 ) cluster [25] , the two corner-sharing triangles (Cu 5 ) [26] and the giant icosidodecahedral keplerates (Mo 72 Fe 30 ) [27] .
An alternating sequence of two different isosceles antiferromagnetic spin triangles provides a genuine scheme for quantum gates [28] [29] [30] . This possibility has been experimentally tested in the isosceles triangle clusters (Cu 3 -X) (X = As, Sb) impregnated in nanoporous silicon [31] . The entanglement and manipulation of electron spins is achieved by using a pulsed electron spin resonance [31] . The spin coherence time reaches an order of microseconds. However, the coherence time is found to be limited by structural distortions from an equilateral triangle and dynamic spin-phonon coupling. Thus, it is necessary to investigate a broad class of spin triangular clusters to rationalize key factors to govern relaxation processes.
We here report on the magnetic behavior and spin dynamics of Cu 3 (μ 3 -OH)(μ-OH)(μ-O 2 Ar − F 4 Ph ) 2 (py) 3 (OTf) 2 (hereinafter abbreviated as (Cu 3 (OH))). It forms the distorted scalene triangle, yielding three nonequivalent Cu(II) positions, denoted by Cu1, Cu2, and Cu3 (see figure 1 ). Cu1 and Cu3 sites have slightly distorted NO 4 square pyramids while Cu2 site has a N 2 O 3 square pyramidal surrounding. The pyramids are elongated axially due to Jahn-Teller distortion.
The In this work, we report spin dimer analysis, magnetization, and electron spin resonance measurements of (Cu 3 (OH)). Our major experimental finding is that the spin-lattice relaxation rate is dominated by Orbach process in the narrow low-temperature range of T = 1.45-2.4 K. This phonon mechanism provides an effective route to limit a spin decoherence time.
Experimental details
Crystals of (Cu 3 (OH)) were prepared by the procedure described in supplementary materials. A crystal structure was characterized by a single crystal x-ray diffractometer. The results are summarized in tables 1 and 2 of supplementary materials (stacks.iop.org/NJP/17/033042/mmedia).
Magnetic susceptibility χ T ( )was measured by quantum design MPMS SQUID in the temperature range of T = 2-220 K under an applied field of μ = H 0.1 0 T. The M(H) curve was measured at T = 2 K in fields up to 14 T using the vibrating sample magnetometer (VSM) of quantum design PPMS. In addition, pulsed field magnetization measurements were carried out at the Dresden High Magnetic Field Laboratory with a pulsed field magnet (20 ms duration) and a standard induction method at T = 1.5 K [32] .
Continuous and pulse electron paramagnetic resonance (EPR) experiments were performed by using 240 GHz superheterodyne detection scheme quasi-optical spectrometer, developed at the National High Magnetic Field Laboratory, Tallahassee, USA. where U eff is the effective on-site repulsion, which is essentially constant for a given compound. If the two spin sites are equivalent, Δε is the energy difference ΔE between the two magnetic orbitals representing the spin dimer. When the two spin sites are nonequivalent, Δε
02 , where ΔE 0 is the energy difference between the magnetic orbitals representing each spin site of the spin dimer (Δ = E 0 0 if the two spin sites are equivalent).
In our case, the ΔE and ΔE 0 values for various spin dimers are evaluated by performing extended Hückel tight binding (EHTB) calculations [35] . For a variety of magnetic solids of transition-metal ions, it has been found that their magnetic properties are well described by the Δε ( ) 2 values obtained from EHTB calculations [36] , when both the d orbitals of the transition metal and s/p orbitals of its surrounding ligands are represented by double-ζ-Slater-type orbitals (DZ-STO) [37] . Our calculations were carried out using the atomic parameters summarized in table 1. A radial part of the DZ-STO is expressed as
where n is the principal quantum number and the exponents ζ 1 and ζ 2 describe contracted and diffuse STOs, respectively (i.e., ζ ζ > 2 for the superexchange (SE) paths J 1 , J 2 , and J 3 are summarized in table 2. The strongest SE interaction takes place through J 2 , while the weakest SE interaction occurs through J 3 . J 1 lies between J 2 and J 3 for all x. These results are compatible with the fact that the bond angle Cu1-O1-Cu3 of J 2 is slightly larger than that Cu1-O1-Cu2 of J 1 , i.e. 119.2°versus 111.4°, respectively. In addition, J 3 is mediated by two exchange paths Cu2-O1-Cu3 and Cu2-O2-Cu3 but their bond angles of 95.8 and 101.1°are smaller than , the weighted formula was used. See [38] . Table 2 . Relative strengths of spin exchange interactions evaluated from spin dimer analysis and exchange coupling constants extracted from a fit to experimental data.
Exchange path x = 0.00 those of J 1 and J 2 . The relative strengths of the spin exchange interactions obtained from the spin dimer analysis give a reasonable description of magnetic behaviors, which will be discussed in the following section. T one. We find no difference between field-cooling and zero-field-cooling data. This is consistent with a = S 1 2 T ground state. Since = S 1 2 Cu 2+ ions in the scalene triangle (Cu 3 (OH)) are coupled by Heisenberg exchange interactions, the minimal spin Hamiltonian in an external field can be written as
Magnetic susceptibility and magnetization
where g is the average g-factor, μ B is the Bohr magneton, J i is the exchange coupling constant, and S i is the spin operator. For a realistic Hamiltonian, Dzyaloshinskii-Moriya (DM) interactions and a site-dependent g-tensor should be added to equation (3) as (Cu 3 (OH)) has the structural distortions from an equilateral triangle. We note that the Hamiltonian (3) cannot open anti-crossing energy gaps between the = S 1 2
T and the = S 3 2 T state. As a consequence, the magnetization jumps in a magnetization curve cannot be described strictly within this Hamiltonian (see figure 2(b) ). Since the level crossings occur around 50 T, however, it is practically impossible to determine uniquely all possible magnetic parameters including DM interactions. Therefore, we will proceed with the Hamiltonian (3) for the sake of simplicity. For the calculation of the equilibrium magnetization, we used the MAGPACK software, which employs an irreducible tensor operator technique [39] . We obtain a satisfactory agreement between the theoretical and the magnetic susceptibility data with the fitting parameters = − J 43. figure 2(a) ). We note that the determined g-factor corresponds to an average of Cu 2+ ions (see section 3.3). In addition, the magnetic parameters are in line with the ratios of J i extracted from the spin dimer analysis as listed in table 2.
Based on the obtained fitting parameters, we determine the energy level diagram versus an applied magnetic field as plotted in figure 2 T. This induces a field-induced switching of the ground state to the = S 3 2 T state, leading to the μ 2 B magnetization jump. In figure 2(b) we plot the pulsed field magnetization curve (violet lines) along with the static field magnetization one (green open circles).
To crosscheck the validity of the determined magnetic parameters, we simulate the pulsed field magnetization curve as detailed below. In doing that, we introduce the anti-crossing energy gap at μ = H 56 c 0 T (see equation (7)), which is absent in equation (3) . The resulting ground state is shown as the dashed line in figure 2(c) . This procedure is justified because the distorted triangle cluster usually hosts the DM interaction, allowing an avoided level crossing gap [15, 23, 24] . In contrast to the magnetization below 15 T, the pulsed field magnetization above 15 T lacks hysteresis. Thus, the equilibrium magnetization process may suffice to describe the high-field magnetic behavior. The equilibrium magnetization is calculated with a usual thermodynamic average. Due to a large energy separation between the ground and the first excited states only the ground state is relevant. The nice agreement between the calculated and the experimental curve is found for fields up to 40 T (see the red line in figure 2(b) ). The discrepancy seen for fields above 40 T may be due to the presence of another avoided level crossing at 48 T in the upper doublet state, which is not considered in the equilibrium magnetization simulation. The magnetization process below 15 T will be discussed below.
We measured hysteresis loop with the maximum pulse field of μ = H 16 0 max T. As shown in figure 3(a) , the detailed feature of M(H) relies on the time structure of a pulse field (see the inset of figure 3(b) ). In the up sweep, the pulsed field magnetization is smaller than the equilibrium one while in the down sweep it becomes bigger. This means that a spin temperature is significantly higher (lower) than a bath temperature in the up (down) sweep. We take the derivative of the magnetization, M H H d ( ) d to detail the magnetization structure. The results are plotted in figure 3(b) . We can identify a sharp peak at a zero field, suggesting the presence of a zero- field gap. When a field sweep is sufficiently slow, the transition probability between the s (vide infra). As a consequence, the spin temperature is higher than the cryostat temperature. In the down sweep, conversely, the field variation is too fast for the spins in the lower = S 1 2 T levels to populate to the higher levels.
To describe this behavior quantitatively, we simulate numerically the magnetization hysteresis based on the Bloch-type master equation [40, 41] Among different thermal relaxation processes, we consider a single-phonon relaxation process given as [42] where g is the Lande g-factor, ρ is the mass density, v is the sound velocity, B(t) is the time-varying field strength and V sp is the characteristic energy modulation of the spin-phonon coupling mechanism. The LZS transition rate is related to the LZS transition probability P LZS through τ α = P 1 LZS LZS where α is a proportionality constant. P LZS is given as [43] 
is the anti-crossing energy gap between the two states with spin quantum number M and M′ expressed as [41] figure 3(a) . As can be seen, the simulation reproduces reasonably the up sweep of the hysteresis loop. However, there is a noticeable discrepancy between the calculated and experimental magnetization curve in the down sweep. This may be due to the fact that the thermal relaxation rate is not described within the single-phonon relaxation process (see section 3.4). Further, it should be noted that the anti-crossing gap Δ zf at μ = H 0 0 T is much larger than the magnitude of intermolecular dipole and hyperfine interactions. This indicates that the zero-field magnetization jump is linked to the energy splitting between the doublets rather than in the intra-doublets. . With increasing temperature, the signal shifts to lower fields and broadens. We plot the temperature dependences of the peak-to-peak linewidth (ΔH pp ) and resonance field ( , and | 〉 → | 〉 ; ;
CW electron paramagnetic resonance
. Due to the structural distortions and anisotropies, the energy separation between the higher levels increases slightly. This leads to the shift of H res (T) to lower fields and the increase of ΔH pp at elevated temperatures. Figure 5 shows the angular dependence of the EPR spectra recorded at T = 5 K by varying from −2°to 179°. The angle is measured between the triangle plane and the external magnetic field. The angular dependence of H res (T) is described by the standard relation
2 , where ⊥ H and ∥ H is the resonance field perpendicular and parallel to the triangular plane, respectively. By using the relation ν μ = g h H B res , we can determine anisotropy in g-factors, = ⊥ g 2.10(4) and = ∥ g 2.21(3). The substantial deviation of the g-factor from 2 confirms the structural analysis that shows the axial elongation of square pyramid environments.
Pulsed EPR
To characterize spin decoherence processes, we performed a 240 GHz pulsed EPR experiment. The spin-lattice relaxation time T 1 was measured by using an inversion-recovery pulse sequence (π π τ π τ − − − − − − t 2 e c h o ) with varying t and fixed τ = 300 ns. The maximum available power is about 20 mW and the typical π 2 pulse length is 260 ns. Figure 6(a) shows the echo decay curve recorded at μ = H 7.813 0 T and T = 1.45 K. It is fitted to a double . The short T 1 is likely related to a fast spectral diffusion while the long T 1 pertains to the spin-lattice relaxation time. The spectral diffusion can be caused by molecular motion, exchange interactions, nuclear spin flip-flops, or electronnuclear cross-relaxation. Here we note that the obtained T 1 is shorter than that of (Cu 3 -X) by a factor two [31] . Figure 6 (c) plots T 1 1 versus T 1 in a semi-logarithmic scale. The spin echo signal becomes significantly weak for temperatures above 2.4 K so that T 1 cannot be unambiguously measured for > T 2.4 K. In general, a spin-lattice relaxation rate is given by a combination of three terms [42] 
. We find that our data are well described by an activation form . This suggests that the Orbach process governs the relaxation in a low-temperature regime. We note that the Raman process is negligible as the T 1 calculation for the (V 15 ) cluster shows [44] . In addition, the direct process is temperature independent at low temperatures. The Orbach process involves a transfer of spins between the ground doublet states. This is further supported by the failure of the single-phonon relaxation process in describing the dynamic magnetization process discussed above. We note that our result is contrasted with the case of (Cu 3 -X) where the spin-lattice relaxation is dominated by a direct process [31] . The absence of the Orbach process in (Cu 3 -X) can be ascribed to a small energy scale of J i , which is one order of magnitude smaller than that of (Cu 3 (OH)).
Using the standard Hahn echo pulse sequence (π τ π τ − − − − 2 e c h o ) we measured the variation of a spin-spin relaxation time, T 2 with temperature. Figure 6 
2 ns at T = 1.45 K. From extensive theoretical and experimental works [14, 15, 45] , it is well known that for molecular magnets, decoherence is solely determined by three environmental sources: (i) phonons, (ii) nuclear spins, and (iii) intermolecular dipolar interactions. The environmental decoherence time for (Fe 8 ) can be theoretically extended up to about μ 500 s by optimizing temperature and external fields. Under accessible experimental conditions, however, the decoherence time is limited to an order of microseconds: [14] have shown that at high fields the nuclear spin decoherence becomes less significant than the dipolar and the phonon decoherence. As T 2 of (Cu 3 (OH)) was determined at a high field of μ = H 7.813 0 T, we expect an appreciable contribution of a T 1 mechanism to decoherence in case of (Cu 3 (OH)) in contrast to (V 15 ).
Similar to the T 1 relaxation time, μ ∼ T 0.26 2 s of (Cu 3 (OH)) is also reduced by several factors compared to that of (Cu 3 -X). Since both (Cu 3 (OH)) and (Cu 3 -X) were measured at the same field and contain the same type of nuclear spins, the shortening of T 2 in (Cu 3 (OH)) is mainly caused by the Orbach mechanism.
Lastly, we turn to the temperature dependence of T state and thus a spin flip-flop process is mainly responsible for the Tdependence of T 1 2 [46] . This is modeled by a spin bath fluctuation theory [45, 47] ; , where Z is the partition function. The experimental data agree with the theoretical calculation obtained by equation (8) . This result does not necessarily contradict the above conclusion that the phonon process is substantially involved in decoherence. This is because the measured temperature window of T = 1.45-2.4 K is rather narrow to examine an additional contribution from the Orbach process which has the similar functional form and energy gap of Δ = 7.4 (6) O K as the spin bath theory.
Conclusions
We have presented detailed magnetization, EPR, and relaxation measurements as well as microscopic magnetic calculations on the newly synthesized magnetic cluster (Cu 3 (OH)). This molecule magnet realizes a strongly distorted scalene triangle with the antiferromagnetic coupling constants = − J 43. s. The temperature dependence of T 1 2 is well described by spin bath fluctuations. Compared to the isosceles triangle (Cu 3 -X), the T 1 and T 2 times are reduced by several factors. Since the Orbach process is present only in (Cu 3 (OH)), the shortening of a spin decoherence time is caused by the additional spin-phonon mechanism in spin triangular clusters.
